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We compared maximum displacement thresholds (Dmax) with minimum displacement thresholds 
(Dmin) in patients with retinitis pigmentosa (RP) in order to characterize the nature of their visual 
disability, as well as to assess possible models of foveal vision loss. Thresholds for discriminating the 
direction of the spatial displacement of random dot patterns were measured in a group of 20 
patients with typical RP or Usher syndrome whose visual acuities were 20•40 or better and who had 
minimal or no clinical evidence of changes in the ocular media. Findings were compared with those 
from an age-similar group of 15 visually normal subjects. Displacement thresholds were measured 
using a two-frame random dot cinematogram and a four-alternative forced-choice procedure. 
Measurements were made at each of three dot contrasts and three dot sizes. For the patients with 
RP, reducing either the dot contrast or dot size increased Dmin and decreased Dmax such that the 
range of discriminable displacements became considerably restricted, even at modest reductions in
dot contrast or size. This restriction in the displacement thresholds of the patients with RP was 
correlated significantly with their visual acuity. By comparison, the control subjects howed little 
change in either Drain o r  Dmax under these conditions. These results indicate that patients with RP 
who have only relatively minor reductions in their visual acuity can have severely compromised 
motion perception. The pattern of findings suggests that an abnormal contrast response of the 
foveal cone system is a major determinant of the impaired isplacement thresholds of these patients 
with RP. © 1998 Published by Elsevier Science Ltd. All rights reserved. 
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INTRODUCTION 
Retinitis pigmentosa (RP) refers to a heterogeneous 
group of hereditary retinal dystrophies in which there is 
degeneration f rod and cone photoreceptors (reviewed 
by Bird, 1995). Evidence indicates that the gene defects 
responsible for the retinal degeneration are expressed 
within the rod photoreceptors in at least some forms of 
the disease (Dryja & Li, 1995). While the most prominent 
visual symptoms of RP are night blindness and peripheral 
visual field restrictions and/or scotomata, foveal visual 
function is often affected as well, represented clinically 
by a decrease in visual acuity (Madreperla, Palmer, 
Massof & Finkelstein, 1990). In addition to their visual 
acuity loss, patients with RP also typically show a 
reduction in contrast sensitivity, especially at high spatial 
frequencies, though sensitivity at low spatial frequencies 
is often reduced as well (Wolkstein, Atkin & Bodis- 
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Wollner, 1980; Hyv~_rinen, Rovamo, Laurinen & Pelto- 
maa, 1981; Lindberg, Fishman, Anderson & Vasquez, 
1981; Marmor, 1986; Sues & Uvijls, 1992; Alexander, 
Derlacki & Fishman, 1992a). 
The explanation for the patients' decreased visual 
acuity and reduced contrast sensitivity at high spatial 
frequencies i not known at present. One possibility is 
that these losses occur because the analyzers that are 
presumed to mediate vision at high spatial frequencies no 
longer eceive adequate input due to abnormalities in the 
foveal cone photoreceptors. Such a selective loss of input 
to high spatial frequency analyzers i analogous to low- 
pass spatial filtering or diffusive blur (e.g., Levi & Klein, 
1990; Rudolph, Ferrera & Pasternak, 1994). This "intrinsic 
blur" model has often been an implicit assumption i  
considerations of retinal disease. For example, the effects 
of retinal disease are frequently simulated in visually 
normal subjects by blurring the visual target (e.g., 
Donzis, Rappazzo, Burde & Gordon, 1983). 
A second possible explanation for the reduced visual 
acuity and contrast sensitivity loss at high spatial 
frequencies i that, although analyzers at high spatial 
frequencies may still receive normal input from foveal 
cones, the input comes from a more widely spaced 
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sampling array. This possibility, which is a form of 
spatial scaling (Watson, 1987), was suggested in part by 
our previous finding that grating, letter, and vernier 
acuities, which are thought o be mediated by different 
underlying mechanisms (Merigan, Katz & Maunsell, 
1991; Lee, Wehrhahn, Westheimer, & Kremers, 1995), 
were reduced in equal proportion in patients with RP 
(Alexander, Derlacki, Fishman & Szlyk, 1992b). A 
change in foveal spatial scaling is also often an implicit 
assumption in considerations of retinal disease. For 
example, stimuli are often made larger to compensate 
for reductions in patients' visual acuities (e.g., Turano & 
Wang, 1992). 
The purpose of this study was to test these two 
alternative hypotheses by measuring thresholds for 
discriminating the spatial displacement of visual targets, 
using two-frame random dot cinematograms (Nakayama 
& Tyler, 1981). In this procedure, an array of random 
dots undergoes an abrupt change in spatial position. For 
spatial displacements hat are smaller than a minimum 
threshold value (Dmin) or  larger than a maximum 
threshold value (Omax), the direction of the displacement 
cannot be judged accurately. For spatial displacements 
that are intermediate between these two values, the dots 
appear to move coherently in the same direction, and 
accurate judgments of the direction of displacement can 
be made. Turano and Wang (1992) observed that patients 
with RP typically had larger values of Omi n than did 
visually normal subjects. They also noted that the 
increase in Dmin was correlated significantly with the 
patients' loss of visual acuity. Dmax, however, has not 
been assessed in patients with RP. 
The two models of foveal vision loss described above 
predict somewhat paradoxically that the Dmax values of 
patients with RP should be larger than those of visually 
normal subjects. For example, blur has been shown to 
increase Dmax in visually normal subjects (Ramachandran 
& Anstis, 1983; Chang & Julesz, 1983; Cleary & 
Braddick, 1990; Morgan, 1992; Morgan & Mather, 
1994; Barton, Rizzo, Nawrot & Simpson, 1996). There- 
fore, a loss of input to high spatial frequency analyzers, as 
proposed by the first model, should result in an increase 
in Dmax in RP patients. Furthermore, because spatial ow- 
pass filtering degrades motion perception for small 
displacements (Mather, 1987; Barton et al., 1996), this 
model could also account for the increase in Dmm that was 
observed previously in patients with RP (Turano & 
Wang, 1992). 
As discussed by Rudolph et al. (1994), a change in 
spatial scaling would result in the effective minification 
of visual targets, which would in turn be reflected in an 
increase in D ... . .  Consequently, the second model also 
predicts that D .. . .  would be increased in patients with RP. 
This model further predicts that there would be an 
increase in Drain that is proportional to the increase in 
Dm ..... which could account for the increased D,nm 
reported by Turano and Wang (1992). Therefore, both 
of these models predict that Drag,, and D ..... would be 
increased in RP patients who have reduced visual acuity, 
and they differ primarily in the quantitative nature of the 
predicted change in displacement thresholds. The second 
model predicts that Dmin and Dma x would be increased in 
equal proportion, whereas no specific quantitative 
predictions are made by the first model. 
In order to assess the validity of these two models, we 
compared Dmax with Drain in a group of patients with RP, 
using equivalent stimulus conditions for both types of 
displacement thresholds. Previous studies of displace- 
ment hresholds in retinal diseases uch as glaucoma have 
often used dissimilar stimuli conditions for Dma x and Dmin 
(e.g., Bullimore, Wood & Swenson, 1993), which makes 
it difficult to make direct comparisons between the 
relative deficits for the two types of displacement 
thresholds. Two additional factors were considered in 
our study. First, as noted above, patients with RP 
typically have a reduction in contrast sensitivity, which 
is correlated significantly with their loss of visual acuity 
(Alexander, Derlacki & Fishman, 1995a). Consequently, 
the effective contrast of the random dot stimulus may be 
lower for the RP patients than for normal control 
subjects. Second, if foveal spatial scaling occurs in 
patients with RP, as suggested by the second model, then 
the effective size of the dots in the random dot patterns 
would be reduced in proportion to the patient's decrease 
in visual acuity. In order to evaluate the possible 
influence of these two factors, we measured Dmin and 
Oma x at each of three dot contrasts and at each of three dot 
sizes for both the patients with RP and the normal control 
subjects. 
METHOD 
Subjects 
Twenty patients (10 females and 10 males) with typical 
RP or type 2 Usher syndrome (a recessively inherited 
variant of RP accompanied by a congenital neurosensory 
hearing impairment) participated in the study. Their 
mean age 4-1 SD was 36.8 4- 10.8 years. Patients had 20/ 
40 or better best-corrected visual acuity in the tested eye, 
minimal or no posterior subcapsular cataracts, and no 
atrophic-appearing foveal lesions or macular cysts. On 
the basis of criteria established previously (Fishman, 
1978; Fishman, Kumar, Joseph, Torok & Anderson, 
1983), five patients had autosomal dominantly inherited 
RP (one of these patients had a rhodopsin mutation [Thr- 
17-Met]), eight were isolated cases of RP (no other 
family member was known to be affected), two had RP of 
uncertain genetic type, and five had type 2 Usher 
syndrome. Results from the patients with RP were 
compared with those of 15 (12 female and three male) 
age-similar control subjects with normal vision. Control 
subjects had best-corrected visual acuities of at least 20/ 
20 in each eye, clear ocular media, and normal-appearing 
fundi on ophthalmologic examination. The mean age of 
the control subjects 4-1 SD was 37.1 ± 10.7 years. 
Additional data were obtained from three visually normal 
control subjects in a separate xperiment designed to 
examine the effects of reductions in dot contrast and dot 
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area over a broader ange than those used in the primary 
study. Appropriate institutional review board approval 
was obtained, and all subjects gave informed consent 
before testing. 
Stimuli 
The test stimuli consisted of arrays of random dots 
generated by an Apple Quadra 840AV and presented on 
an Apple high-resolution gray-scale display monitor that 
had a P4 phosphor, a vertical scan rate of 66.67 Hz, and a 
resolution of 640 × 480 pixels. The test distance was 
4 m; the display subtended 3 deg horizontally by 2.3 deg 
vertically. The dots were randomly distributed within a 
central square region that was 1.9 deg (400 pixels) on a 
side. Dots that were displaced beyond this region within a 
given trial reappeared on the opposite side ("wrap- 
around"). There were 18 dots presented on each trial, 
with an average dot density of 5 dots deg -2. 
The display monitor, which was the only source of 
illumination in the test area, was placed to the left side of 
the subjects and was viewed in a front-surface mirror. 
The stimulus display was viewed monocularly through a 
phorometer with a best refractive correction, and a 2-mm 
artificial pupil was used to control the retinal illuminance 
of the stimuli. The background luminance was 
1.5 log cd m -2 (2.0 log td) as calibrated with a Spectra 
Spotmeter. Stimulus luminances were controlled by an 
ISR Video Attenuator and Video Toolbox software, as 
described by Pelli and Zhang (1991). Linearized color 
lookup tables that were loaded during the video retrace 
periods defined the pixel luminances for each video 
frame. 
Five experimental conditions were tested. For each 
condition, the dots were all of the same size and contrast. 
The first condition was a baseline condition, in which dot 
contrast was 1.0 and dot width was 4.6 arcmin (16 
pixels), with dots covering 2.9% of the test region. These 
stimulus parameters were chosen such that the dots would 
likely be suprathreshold for all tested patients. The other 
conditions were selected such that either dot contrast or 
dot area was decreased in steps of 0.3 log units from 
this baseline condition. Accordingly, the other four 
conditions were as follows: (1) dot contrast= 0.5, dot 
width = 4.6 arcmin; (2) dot contrast = 0.25, dot width = 
4.6 arcmin; (3) dot contrast = 1.0, dot width = 3.4 arcmin 
(12 pixels); and (4) dot contrast= 1.0, dot width= 
2.3 arcmin (8 pixels). Dots were always of negative 
contrast, with contrast defined in Weber units. During a 
trial, the dot contrast was ramped up linearly for 17 
frames at stimulus onset and ramped own linearly for 17 
frames at stimulus offset in order to avoid sharp 
transients. There was a period of constant contrast 
extending for 17 frames between these ramps, so that 
the entire stimulus presentation lasted 765 msec (51 
video frames). The step displacement occurred at the 
midpoint of this stimulus cycle, and only one stimulus 
cycle was presented per trial. The dots were displaced as 
a group along one of the cardinal directions (up, down, 
left, or right), with the direction determined randomly on 
each trial. 
Procedure 
A four-alternative forced-choice staircase procedure 
with no feedback was used. Subjects initiated each trial 
by pressing a joystick button on a response pad (Gravis 
Gamepad). Following the stimulus presentation, subjects 
indicated the direction of dot displacement by pressing 
the appropriate button (top, bottom, left, or right) on a 
four-button section of the response pad. The initial 
staircase reversal point was approached using a one- 
down, one-up decision rule. Then, thresholds were 
measured using a two-down, one-up decision rule, which 
provides an estimate of the 71% correct point on a 
psychometric function (Levitt, 1970). 
Opposite staircase decision rules were used to measure 
Drain and Dm~x. For Drain, two correct answers decreased 
the displacement by one pixel, while for Dmax, two 
correct answers increased the displacement by one pixel. 
Subjects were first given a practice series in which the 
procedure was explained, and practice staircases were run 
for Omi n and Dmax using the baseline condition. Then, 
Drain and Dmax were measured under each of the five 
experimental conditions, presented in quasi-random 
order. Each condition was tested twice. Staircases were 
terminated after six reversals, and thresholds were 
defined as the means of the 12 staircase reversals for 
each condition. 
Turano and Wang (1992) observed that some of their 
patients with RP reported motion in the opposite 
direction of actual target movement when measuring 
Dmin. It has also been noted previously that a few visually 
normal subjects report reversed motion in two-frame 
cinematograms, most likely because the two-frame 
sequence is a form of sampled motion that can contain 
spatio-temporal frequency components in both motion 
directions (Morgan & Cleary, 1992). The staircase 
procedure that we used does not discriminate between 
perception of reversed motion and an inability to 
discriminate the direction of displacements. In both 
cases, the decision rules would result in a failure of the 
staircase to converge. However, with one exception, we 
obtained consistent threshold ata from all patients with 
RP that we tested, suggesting that motion reversal did not 
occur. For the patient who was an exception, the 
staircases failed to converge for either Drain or Dmax. 
Upon questioning, it was apparent hat this patient was 
signaling the position in which the dots had first 
appeared, not the direction in which they appeared to 
be displaced. Because this patient seemed unable to 
understand the nature of the task after additional 
instruction, this patient was excluded from the study. 
RESULTS 
Displacement thresholds as a function of dot contrast and 
area  
The displacement thresholds for the individual subjects 
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FIGURE 1. Values of Drain (upright triangles) and Dma x (inverted 
triangles) for individual patients with RP as a function of log dot 
contrast (A) and log dot area (B). The shaded regions represent the 
ranges for the control subjects. 
with RP are presented in Fig. 1. The effect of dot contrast 
is shown in Fig. 1 (A), and the effect of dot area is shown 
in Fig. I(B). The baseline condition (dots of highest 
contrast and largest area) corresponds tothe rightmost set 
of data points in each plot. Also indicated in each plot are 
the ranges of Drain and Dmax for the normal control 
subjects, represented by the lower and upper shaded 
regions, respectively. For our control subjects, the values 
of  Dmin in the baseline condition are similar to those for 
unreferenced, single-frame displacements for unprac- 
ticed subjects (e.g., Baker & Braddick, 1985) and the 
values of Dmax are similar to those reported previously 
(e.g., Morgan, 1992). Under the baseline condition, the 
values of Dmin for the RP patients (upright riangles) were 
either within normal imits or were slightly elevated. The 
values of Dmax (inverted triangles) were within normal 
limits with two exceptions. One RP patient had a value of 
Dmax that was slightly greater than normal, while the 
other patient had a value of Dmax that was slightly below 
normal. 
At reduced dot contrasts [Fig. 1 (A)] and smaller dot 
areas [Fig. I(B)], the normal control subjects had 
relatively constant values of Dmi n and Dm~uc, as expected 
(Boulton & Hess, 1990). The results from the RP patients 
tended to fall into two general patterns. For 10 of the RP 
patients, reducing either the dot contrast or area had a 
negligible effect on displacement thresholds, similar to 
the pattern of results een for the control subjects. For the 
other 10 patients, reducing the dot contrast and dot area 
resulted in a substantial increase in Dmi, and a marked 
decrease in Dmax. In fact, for some of these RP patients, 
Dmin and Dmax tended to become quivalent at the lowest 
dot contrast and smallest dot area, as described in more 
detail below. Furthermore, one of the RP patients was 
unable to detect he dots at both the lowest contrast and 
the smallest area; two additional patients were unable to 
detect he dots at the lowest contrast; and one patient was 
unable to detect he dots at the smallest area. It is apparent 
from Fig. 1 that, contrary to the predictions of the two 
models described in the Introduction, Dmax was not 
increased beyond normal in this group of patients with 
RP. The fact that reductions in dot contrast and dot area 
generally had equivalent effects on displacement thresh- 
olds for the patients with RP probably represents the 
effect of spatial summation, which is normal for RP 
patients with 20/40 or better visual acuity (Alexander, 
Hutman & Fishman, 1986). 
Displacement thresholds vs visual acuity 
Turano and Wang (1992) reported a significant 
correlation between log Dmin and log MAR (minimum 
angle of resolution) in their patients with RP. We were 
interested to determine whether the variable pattern of 
findings seen in Fig. 1 might similarly be related to the 
extent of our patients' visual acuity loss. Therefore, we 
examined the correlation between the patients' log 
displacement thresholds and their log MAR values, as 
measured with a Lighthouse Distance Visual Acuity Test, 
using a procedure described previously (Alexander et al., 
1995a). 
The relationship between log Dmm and log MAR for 
the individual subjects is shown in Fig. 2. Data for the 
particular conditions in which patients could not detect 
the dots were excluded from the regression analysis. In 
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the baseline condition [Fig. 2(A)], there was a tendency 
for log Dmi n to increase with increasing values of log 
MAR for the RP patients, but the correlation was not 
statistically significant (r= 0.44, P > 0.05). Under this 
baseline condition, 16 of the RP patients had values of log 
MAR that were beyond the range of normal, but only 
seven had values of log Drain that were above the range of 
normal. At lower dot contrasts and smaller dot areas, 
however, the correlations between log Drain and log MAR 
were statistically significant. At the lowest dot contrast 
[Fig. 2(B)] and smallest dot area [Fig. 2(C)], the 
correlation coefficients were 0.70 and 0.67, respectively 
(P < 0.01), while at the intermediate dot contrast and dot 
area (data not shown), the correlation coefficients were 
0.62 and 0.63, respectively (P < 0.01). The slopes of the 
bivariate regression lines in Fig. 2(B and C) were 
relatively steep (3.81 and 3.76, respectively), indicating 
that the increase in log Drain was  substantially greater than 
the increase in log MAR, as reported previously by 
Turano and Wang (1992). 
The relationship between log Dmax and log MAR for 
the individual subjects is illustrated in Fig. 3. In the 
baseline condition [Fig. 3(A)], Dmax was within normal 
limits for all but two of the RP patients, despite 
reductions in their visual acuities, and the correlation 
between log Dmo~ and log MAR was not statistically 
significant (r = -0.27, P > 0.05). For lower dot contrasts 
and smaller dot areas, however, the correlations were 
statistically significant for the RP patients. At the lowest 
dot contrast and smallest dot area, [Fig. 3(B and C), 
respectively], the correlation coefficients were -0.74 and 
-0.83 for reduced dot contrast and area, respectively 
(P < 0.01). Results for the RP patients at the intermediate 
dot contrast and area (data not shown) followed a similar 
pattern, with statistically significant correlations of -0.81 
and -0.78, respectively (P < 0.01) between log Dmax and 
log MAR. The slopes of the bivariate regression lines in 
Fig. 3(B and C) ( -2 .00 and -1.23, respectively) were not 
as steep as those in Fig. 2, indicating that the decrease in 
l og  Dma x as a function of log MAR was not as marked as 
was the increase in log Drain. Among the normal control 
subjects, there was considerably less variability in log 
D,~x than in log Omin (Fig. 3 vs Fig. 2), as has been 
reported previously (Baker & Braddick, 1985). 
Figs 2 and 3 illustrate the relationship between log Omi n 
and log MAR, and between log Dmax and log MAR for the 
individual patients with RP, but they do not indicate the 
interrelationship among these variables. This interrela- 
tionship is illustrated in Fig. 4, which plots the log of the 
ratio of Dmo~ to Drain VS log MAR for the individual RP 
patients and normal controls. In these graphs, a log ratio 
value of 0 (represented by the dashed line) indicates that 
D,,ax was equal to Drain (i.e., the range of displacement 
thresholds was zero). The baseline condition is shown in 
Fig. 4(A), while Fig. 4(B and C) show the results at the 
lowest dot contrast and smallest dot area, respectively. 
For the control subjects, the ratio of Dmax to Drain 
(hatched region) was approximately 10, and this ratio did 
not vary systematically with either dot contrast or area. 
For the RP patients, however, the ratio changed 
substantially as dot contrast and dot area were reduced. 
In the baseline condition [Fig. 4(A)], there was a 
statistically significant, although modest, correlation 
(r = -0.45, P < 0.05) between the log displacement ratio 
and log MAR for the RP patients. Thirteen of the RP 
patients had a log ratio that was within normal limits, 
despite a reduced visual acuity, while seven patients were 
below the normal range for the log ratio. The correlations 
between the log ratio and log MAR for the patients with 
RP were higher at the intermediate dot contrast and dot 
area ( r=-0 .69  for both conditions, P < 0.01; data not 
shown). Correlations were highest at the lowest dot 
contrast [Fig. 4(B)] and smallest dot area [Fig. 4(C)] 
(r =-0 .74  for both reduced dot contrast and dot area, 
respectively, P < 0.01). Furthermore, at the lowest dot 
contrast and smallest dot area, the log ratios rapidly 
approached zero as the RP patients' log MAR values 
approached 0.3 (20/40 Snellen equivalent). That is, RP 
patients who had only relatively modest reductions in 
visual acuity were unable to discriminate the direction of 
displacements of the random dot patterns over more than 
a very small range under these conditions. 
Reduction in effective contrast as a model for  the results 
f rom RP patients 
As noted above, a few of the RP patients were unable 
to detect the dots at the lowest dot contrast and/or 
smallest dot area. This finding, along with the reduced 
contrast sensitivity of RP patients in general (Wolkstein 
et al., 1980; Hyv~a'inen etal., 1981; Lindberg et al., 1981; 
Marmor, 1986; Sucs & Uvijls, 1992; Alexander et al., 
1992a), suggested that perhaps the abnormal displace- 
ment thresholds of the RP patients were due to a decrease 
in the effective contrast of the dots, such that the dots at 
highest contrast were at near-threshold evels for those 
RP patients with the worst visual acuities. To investigate 
this possibility, we simulated a reduction in effective 
contrast by measuring Dmax and Dmi n as a function of dot 
area under various levels of dot contrast in a control 
group of three visually normal subjects. In addition to the 
three contrast levels used in the preceding experiment, 
one additional low-contrast level was added. The results 
are shown in Fig. 5. With minimal reductions in dot 
contrast (0.3 or 0.6 log units, corresponding to 50% and 
25% contrast, respectively), decreasing the area of the 
dots had very little effect on Dmax and Dmin as  expected 
(Dawson & Di Lollo, 1990; Boulton & Hess, 1990). 
However, when the dot contrast was reduced further 
(0.9 log units, or 12.5% contrast), decreasing the dot area 
led to an increased Dmi n and a decreased Dmax for these 
control subjects. This pattern of results was at least 
qualitatively similar to that seen in the patients with RP 
[Fig. I(B)]. This finding supports the hypothesis that the 
abnormal displacement hresholds observed in the 
patients with RP resulted from a reduction in the effective 
contrast of the dot patterns. 
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FIGURE 5. Values of Dmin (lower data points) and Dmax (upper data 
points) as a function of log dot area at the four levels of log contrast 
(log C) indicated in the figure. Data points represent the mean values 
for three normal subjects; error bars represent -4-1 SEM (which were 
smaller than the data points in the case of Omin). 
DISCUSSION 
A primary aim of this study was to assess the spatial 
displacement thresholds of patients with RP within the 
context of two models of foveal vision loss, both intended 
to account for the decreased visual acuity and selective 
reduction in contrast sensitivity at high spatial frequen- 
cies in RP patients. Both of these models ("intrinsic blur" 
and "spatial scaling") predict hat Drnin and Dmax would 
be increased in RP patients who have reduced visual 
acuity. However, neither model is supported by our data. 
Whi le  Dmi n was increased in the RP patients, as reported 
previously by Turano and Wang (1992), Dma~ was either 
within normal limits (under the baseline condition) or 
was reduced, not increased, as predicted by these models. 
In addition, the fact that neither log Drain nor log Dma~ 
changed in equal proportion to log MAR provides further 
evidence against he spatial scaling hypothesis. 
An alternative xplanation for the data is that the 
abnormal displacement thresholds could result from a 
random loss of motion-sensitive units due to photo- 
receptor dropout (cf. Turano & Wang, 1992). However, 
evidence suggests that this is not likely to be the major 
FIGURE 4. Range of displacement thresholds (log ratio of Dma x to 
Omin) vs log MAR for individual RP patients (filled symbols) and 
control subjects (open symbols), for the baseline condition (A), for the 
lowest dot contrast (B), and for the smallest dot area (C). Hatched 
regions represent the normal ranges. The horizontal dashed line in each 
graph indicates equality of Dmax and Dmin. The solid lines are bivariate 
regression lines fit to the data of the RP patients (excluding those data 
points plotted as "dots not seen"). 
explanation for our findings. First, subsampling due to 
photoreceptor dropout does not appear to be an adequate 
explanation for other aspects of foveal vision loss in RP 
patients (Geller, Sieving & Green, 1992; Seiple, 
Holopigian, Szlyk & Greenstein, 1995; Alexander, Xie, 
Derlacki & Szlyk, 1995b). Second, our recent study of 
displacement thresholds using a motion coherence 
paradigm (Alexander, Derlacki & Fishman, 1997) 
indicates that this model does not account satisfactorily 
for the abnormal displacement thresholds of RP patients 
either. 
Another possibility is that the abnormal displacement 
thresholds of the patients with RP may be due to a 
reduced quantal catch by the foveal cones. Histologic 
study has shown that foveal cone outer segments can 
become shortened and disorganized in patients with RP 
(Kolb & Gouras, 1974; Szamier & Berson, 1977; Santos- 
Anderson, Tso & Fishman, 1982; Tucker & Jacobson, 
1988; Flannery, Farber, Bird & Bok, 1989; Stone, 
Barlow, Humayun, de Juan & Milam, 1992). Further- 
more, there is evidence of a reduction in the quantum- 
catching ability of foveal cones in patients with RP, 
including a reduced foveal cone pigment double density 
(van Meel & van Norren, 1983; Kilbride, Fishman, 
Fishman & Hutman, 1986), abnormalities in foveal color 
matching (Young & Fishman, 1980; Eisner, Burns & 
Lobes, 1987), and changes in the Stiles-Crawford effect 
(Birch & Sandberg, 1982). However, Turano and Wang 
(1992) explicitly tested and discounted a reduced quantal 
catch as the primary explanation for the increased Dmi n of 
patients with RP. Furthermore, there is evidence from 
several previous studies that other aspects of foveal 
vision loss in RP patients (at least for those whose visual 
acuities are 20/40 or better) cannot be attributed to such a 
"dark glasses" effect (e.g., Tyler, Ernst & Lyness, 1984; 
Greenstein & Hood, 1986; Alexander, Derlacki, Fishman 
& Peachey, 1991, Alexander et al., 1992a; Swanson, 
Birch & Anderson, 1993; Szlyk, Seiple & Xie, 1995). 
It is also unlikely that an abnormal temporal contrast 
sensitivity, as has been reported to occur in RP patients 
(e.g., Tyler et al., 1984; Seiple, Holopigian, Greenstein & 
Hood, 1993), is a major contributing factor. First, Drain is 
amplitude-based, not velocity-based (Snowden & Brad- 
dick, 1990), so as discussed by Turano and Wang (1992), 
a loss of temporal contrast sensitivity should not 
contribute to the increase in Dmi n observed in the patients 
with RP. Second, temporal smoothing (low-pass tem- 
poral filtering) has been shown to improve performance 
fo r  Omax in visually normal subjects, presumably by 
reducing the aliasing signals that are introduced by the 
sampled motion (Mather & Tunley, 1995). To the extent 
that the loss of temporal contrast sensitivity at high tem- 
poral frequencies in RP is similar to low-pass temporal 
filtering, then this should increase Dm~x, not reduce it, as 
observed in the present study. It is also unlikely that the 
abnormal displacement thresholds are due to a lower 
number of dots being seen by the patients. Reductions in 
dot number either have no effect or can actually increase 
Dmax (Rudolph et al., 1994), whereas D,,a~ was decreased 
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in these RP patients. We also note that no patient with RP 
in this study had a scotoma that extended into the region 
of the target area. 
Instead, it is more likely that the deficits in the foveal 
displacement thresholds of these patients with RP were 
due primarily to an abnormal contrast response within the 
foveal cone system, although other factors may con- 
tribute as well. This possibility was suggested initially by 
our observation that some of the patients with RP within 
this study were unable to detect he dots under conditions 
of low contrast and/or small size. This hypothesis is 
consistent with the observation that contrast sensitivity 
tends to be reduced across a broad range of spatial 
frequencies in patients with RP (Alexander et al., 1992a). 
Further support is provided by the data of Fig. 5, which 
show that a reduction in the contrast of the dots to near- 
threshold levels in visually normal subjects could mimic 
the results from the RP patients. An abnormal contrast 
response could be due to changes in the response 
properties of foveal cone photoreceptors or to post- 
receptoral abnormalities, for which there is evidence both 
histologically (Stone et al., 1992; Milam, Cideciyan & 
Jacobson, 1996) and functionally (Greenstein & Hood, 
1992; Cideciyan & Jacobson, 1993; Falsini et al., 1994; 
Mi lam et al., 1996). 
In conclusion, patients with RP who had only mild 
reductions in visual acuity had a marked impairment in 
the ability to judge the direction of the spatial displace- 
ment of visual targets under conditions that had a 
negligible effect on displacement thresholds in normal 
control subjects. The impairment was greatest under 
conditions of low contrast and reduced dot area, which 
indicates that it is important o consider the effect of 
stimulus parameters in testing displacement thresholds in 
patients with retinal disease. Our data suggest that deficits 
in the discrimination of spatial displacements in these RP 
patients may be due to an abnormal contrast response of 
the foveal cone system. This impaired ability to 
discriminate changes in the spatial position of visual 
stimuli is l ikely to contribute to disability in visual 
function experienced by patients with RP. 
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